The Deformation-Semi-Solid-Forming (D-SSF) process has been developed to produce superior semi-solid microstructures of fine ¡-Al grains and refined intermetallic compounds. The wrought AlMgSi (6xxx alloys) alloys are generally considered to be complicated in controlling the semi-solid forming process because of the high temperature sensitivity to the liquid fraction. Additional alloying elements to the 6xxx series aluminum alloys are usually required to produce second-phase particles in order to refine the spheroidized ¡-Al grains during the reheating process. Generally, the ¢-Mg 2 Si phase is precipitated in the supersaturated Al matrix with Mg and Si atoms at various heat treatments in the manufacturing process of AlMgSi alloys. In this study, the annealing process was performed for the precipitation of the equilibrium ¢-Mg 2 Si phase. By applying mechanical deformation, the stored energy is much increased by the presence of the rod-like ¢-Mg 2 Si precipitates, which accelerates recrystallization during heating to the semi-solid state. Fine ¡-Al grains with the average size of 104 µm were achieved by annealing and 60% cold-rolling in the alloy without additional alloying elements. The coarsened harmful Fe-intermetallic compounds were fragmented and became effective particles to refine the ¡-Al grains. Moreover, the combination of the fragmented Fe-intermetallic compounds and ¢-Mg 2 Si precipitates can further refine the ¡-Al grains with the average size of 79 µm by annealing and 40% cold-rolling.
Introduction
The semi-solid forming process has been increasingly applied to produce high quality aluminum products, especially in the automotive industries. In general, the semi-solid forming process has fundamentally superior advantages in manufacturing.
1) The semi-solid forming process highly requires the suitable properties of the semi-solid slurries. Generally, smaller size ¡-Al grains less than 100 µm and well spheroidized are required. Several processes have successfully produced feedstock materials such as the magnetohydro-dynamic (MHD) stirring and strain induced melt activated (SIMA) methods. 1) Recently, the Deformation-Semi-Solid-Forming (D-SSF) process has been developed by our group to produce superior semi-solid microstructures.
26) The D-SSF process consists of plastic deformation to introduce high density of dislocations, which are effective to refine the new equiaxed ¡-Al grains through recrystallization during reheating to the semi-solid temperature. Furthermore, the intermetallic compounds such as Fe-containing compounds were extremely refined by the mechanical deformation process, which greatly contributes to achieve high mechanical properties.
5) The control of second-phase particles in the AlMgSi based alloys by alloying elements such as Mn, Fe and combined Fe/Mn additions is effective to refine the ¡-Al grains. 4, 6) The second-phase particles such as Mn containing precipitates and fragmented Fe-containing compounds can strongly influence the accumulated stored energy during deformation as well as the recrystallization during heating to the semi-solid state and consequently refining the semisolid microstructures.
Various heat treatment histories during the feedstock material preparation can directly affect the formation of precipitates, such as the cooling from the commercial casting process, homogenization and forming process at high temperatures. The control of Mn-containing precipitates during homogenization was reported to be quite useful to refine the ¡-Al grains in AlMgSi alloys, 4) especially the rod-like Mn-containing dispersoids. The Mn-containing precipitates were found to be stable during heating to the semi-solid temperature and therefore were effective to suppress grain boundary migration in the semi-solid state. Atkinson et al. 7) investigated the recrystallization behavior of the 7075 alloy during reheating to the semi-solid state. The 7075 alloy contains high amount of precipitates such as MgZn 2 , T-phase (Al 2 Mg 3 Zn 3 ), CuMgAl 2 and E-phase (Al 18 Mg 3 Cr 2 ). It is reported that the E-phase particles, in particular, make the alloy difficult to recrystallize by grain boundary pinning in the solid state. The initial formation of liquid phase during heating to the semi-solid state tends to wet the grain boundary and spread towards the pinning particles. Therefore, the pinning particles will start to dissolve and the grain boundary becomes unpinned.
The 6xxx series alloys are typically heat treatable with a good response to precipitation hardening and quench sensitivity. The crystallized Mg 2 Si phase during solidification is sufficiently dissolved by the solid solution treatment at a high temperature. The subsequent quenching produces the supersaturated solid solution of Mg and Si in the Al matrix. The aging treatment at higher temperature for the supersaturated Al matrix normally produces the precipitates of the equilibrium ¢-Mg 2 Si phase in a Widmanstätten pattern. 8) In this study, the effect of the ¢-Mg 2 Si precipitates on the semi-solid microstructures was investigated in the AlMg Si based alloys prepared by the D-SSF process. The presence of the ¢-Mg 2 Si precipitates as the second-phase particles can also affect the accumulation of dislocations and resultantly the recrystallization behavior during heating to the semi-solid state, similarly as other second-phase particles. In addition, the influence of the ¢-Mg 2 Si precipitates co-existing with the fragmented Fe-intermetallic compounds was investigated in a high Fe-containing AlMgSi alloy.
Experimental Procedure
The chemical compositions of the AlMgSi based alloys used in this study are shown in Table 1 . Both of the Fe-free and Fe-added alloys contain Mg and Si in the standard composition of the A6082 alloy. 9) Solidus and liquidus temperatures were measured using a differential scanning calorimetry (DSC). 6) Figure 1 shows the schematic illustration of the D-SSF process developed in our group. The alloy designations subjected to the annealing process and subsequent deformation are listed in Table 2 . The N-x%CR Fefree and Fe-added alloys were directly deformed by coldrolling after homogenization, while the A-x%CR Fe-free and Fe-added alloys were annealed after homogenization and subsequently deformed by cold-rolling.
The AlMgSi based alloy ingots were prepared by casting into an iron mold from pure Al, pure Mg and master alloys of Al25 mass%Si and Al5 mass%Fe alloys in an Ar-gas protecting atmosphere. Then, the ingots were homogenized at 803 K by dipping the specimens into the preheated salt bath for 24 h and subsequently air-cooled to room temperature. An additional annealing process was performed by heating in the salt bath at 723 K for 2 h and water quenching to room temperature. The deformation process was performed by cold-rolling at room temperature with deformation ratios of 40 and 60% for the Fe-free alloy and 40% for the Feadded alloy. Finally, the alloys were heated to the semi-solid temperature using an infrared imaging furnace. The heating profile was controlled with the heating rates of 90 K/min from room temperature to 848 K, subsequently 30 K/min to 903 K and 1 K/min to the final semi-solid temperatures. The specimens were kept at semi-solid temperatures for 10, 60, 300 and 600 s, respectively and water quenched. The recrystallization behavior was observed by the micro Vickers hardness test during heating to the semi-solid temperature with isothermal holding at a certain temperature for 10 s and subsequently water quenched. The specimens were polished and etched by the dilute Tucker's reagent for the microstructure observation. The recrystallized grains were revealed by anodizing with 1.8% HBF 4 . The compositions of rod-like ¢-Mg 2 Si precipitates were analyzed by EPMA color mapping. The ¡-Al grains were analyzed for the optical micrographs at the same magnification using the Scion Image program. The average grain size (D) and shape factor (F) of ¡-Al are defined as D ¼ ffiffiffiffiffiffiffiffiffiffiffi ffi 4A=³ p and F = P 2 /4³A, where A is the grain area and P is the grain perimeter.
Results and Discussion

As-cast and homogenized microstructures
The as-cast microstructures of the Fe-free and Fe-added alloys are shown in Figs. 2(a) and 2(b). The dendritric structure of the ¡-Al grains consists of dark contrast of the No rodlike precipitates were observed by optical microscopy in both Fe-free and Fe-added alloys. Figures 3 and 4 show the microstructures of the Fe-free and Fe-added alloys after annealing and cold-rolling. After annealing at 723 K for 2 h, the ¢-Mg 2 Si phase precipitates with dark contrast in a rod-like shape inside the Al matrix in both the annealed Fe-free and annealed Fe-added alloys as shown in Figs. 3(a) and 4(a) . The rod-like ¢-Mg 2 Si precipitates appear as the Widmanstätten pattern. 8) The maximum length of the rod-like precipitates was estimated to be around 5 µm.
Precipitation of the ¢-Mg 2 Si phase and deformed microstructures
The cold-rolled microstructures of both the N-40%CR Fe-free and A-40%CR Fe-free alloys are shown in Figs. 3(b) and 3(c). The N-40%CR Fe-free alloy consists of less number density of dispersoids in the Al matrix compared with the A-40%CR Fe-free alloy. Similarly, the A-40%CR Fe-added alloy (Fig. 4(c) ) contains higher number density of the ¢-Mg 2 Si precipitates and fragmented Fe-compounds compared with the N-40%CR Fe-added alloy (Fig. 4(b) ). The Fe-intermetallic compound particles were finely fragmented by 40% cold-rolling. SSSS ! Nanocluster ! G:P: zone ! ¢ 00 ! ¢ 0 ! ¢ ð1Þ
As described above several metastable phases are formed depending on the alloy composition and aging temperature. The details of the formation kinetics of the strengthening phase of the ¢″ are complicated and extensively investigated.
1215) On the contrary, the formation of the equilibrium ¢ phase is simple at higher aging temperatures, e.g., higher than 673 K.
16) The ¢ phase has a fcc crystal structure (the lattice parameter a = 0.639 nm) with the composition of Mg 2 Si and is formed on the {100} plane of the ¡-Al matrix with a platelet shape. Generally, the equilibrium ¢ and semi-coherent ¢A phases are considered as less significant for the precipitation hardening compared with the coherent ¢″ phase. The precipitation of the platelet ¢ phase can also occur during cooling from high temperature process such as casting, extrusion, rolling and forging processes. 8, 17) Various heat treatment histories during the feedstock material preparation can result in the formation of rod-like precipitates. The Widmanstätten pattern of the ¢-Mg 2 Si phase is commonly exhibited in the conventional casting process in the AlMg Si alloys, if Mg and Si are supersaturated. 8) When the quenching rate is low, the ¢-Mg 2 Si becomes coarsened. The rod-like ¢-Mg 2 Si precipitates are also formed by aging at high temperatures for longer time.
The annealed Fe-added alloy shows higher number density of the ¢-Mg 2 Si precipitates (Fig. 4(a) ) compared with the annealed Fe-free alloy (Fig. 3(a) ). This suggests that Fe addition can have influences on the precipitation of the ¢-Mg 2 Si in AlMgSi alloys. However, the details of effect of Fe addition on the precipitation behaviors of ¢-Mg 2 Si precipitate have not been yet clarified in this study.
Effect of the ¢-Mg 2 Si precipitates on the recrystallization behavior
The recrystallization behavior was investigated during heating to the semi-solid temperatures with isothermal holding time for 10 s and then water quenching. The recrystallization behaviors of the N-40%CR Fe-free and A-40%CR Fe-free alloys are shown in Figs. 6 and 7. The recystallization during heating to the semi-solid temperature was examined by hardness measurement of the alloys and is shown in Fig. 6 . The hardness of both alloys decreases with increasing temperature once and increases at higher temperatures. The decrease of hardness around 573723 K is due to the recovery and recrystallization and the increase of hardness is due to the solid solution of Mg and Si. The A-40%CR Fe-free alloy shows slightly lower hardness due to the reduced Si content in the Al matrix by the formation of the ¢-Mg 2 Si phase.
The recrystallization of the A-40%CR Fe-free alloy was accelerated to lower temperature as shown in Fig. 6 with fully softening and starting of recrystallization at 673 K in Fig. 7 (d) compared with 723 K in the N-40%CR Fe-free alloy in Fig. 7(c) . The grain growth in the N-40%CR Fefree alloy in Figs. 7(c), 7(e) and 7(g) proceed faster with increasing temperatures compared with the A-40%CR Fefree alloy in Figs. 
7(d), 7(f ) and 7(h).
The presence of the ¢-Mg 2 Si precipitates as the secondphase particles in the annealed specimens can increase the stored energy during deformation and results in the higher driving force for recrystallization. The particles larger than 1 µm can also act as the particle stimulated nucleation of recrystallization (PSN).
18) Therefore, the rod-like ¢-Mg 2 Si precipitates strongly accelerate the recrystallization to start at lower temperature. Furthermore, the ¢-Mg 2 Si precipitates were found to be sufficiently stable during heating to the semi-solid temperature. The thermal stability of rod-like ¢-Mg 2 Si precipitates in the A-40%CR Fe-free alloy at the solid and semi-solid temperatures are shown in Figs. 8(a) and 8(b) , respectively. Figure 8(a) shows the remaining ¢-Mg 2 Si precipitates after heating at 823 K for 10 s, which is below the solidus temperature (834 K). These precipitates can suppress the grain boundary migration by the pinning effect during heating to the semi-solid temperature by Zener drag. 19) Consequently, the grain growth of the recrystallized ¡-Al grains was therefore decelerated by the ¢-Mg 2 Si precipitates. Therefore recrystallized grains became refined as shown in Figs. 7(d), 7(f ) and 7(h). After heating at the semi-solid temperature above the solidus temperature at 873 K for 10 s, the rod-like ¢-Mg 2 Si precipitates completely dissolved into the liquid phase and Al matrix as shown in Fig. 8(b) . 2 Si precipitates on the semi-solid microstructures After heating to the semi-solid state, the ¡-Al phase became spheroidized surrounded by the liquid phase. The rod-like ¢-Mg 2 Si precipitates were dissolved into the Al matrix at semi-solid temperature. The semi-solid microstructures of the Fe-free and Fe-added alloys were observed after water quenching as shown in Figs. 9 and 10 , respectively. The spheroidized ¡-Al grains are surrounded by quenched liquid phase at the grain boundaries. Figure 9 shows the semi-solid microstructures of the N-40%CR, N-60%CR, A-40%CR and A-60%CR Fe-free alloys after semisolid heating at 910 K for 600 s, respectively. Figure 10 shows the semi-solid microstructure of the N-40%CR and A-40%CR Fe-added alloys after semi-solid heating at 907 K for 600 s, respectively. The average grain size (D) and shape factor (F) of ¡-Al of non-annealed Fe-free alloy and annealed Fe-free alloy with 40 and 60% cold-rolling are summarized in Fig. 11 . The average grain sizes increase with increasing isothermal holding time. It is clearly seen that the annealed Fe-free alloy has smaller grains by both 40 and 60% coldrolling. After semi-solid heating at 910 K for 600 s, the average grain sizes of ¡-Al are 155, 127, 110 and 104 µm in the N-40%CR, N-60%CR, A-40%CR and A-60%CR Fe-free alloys, respectively. The ¡-Al grains became more spheroidized with increasing isothermal holding time in both non-annealed and annealed Fe-free alloys as shown in Fig. 11(b) .
Effect of the ¢-Mg
The recrystallization and grain growth mechanisms in the solid state were well established over decades. However, these phenomena in the semi-solid state are still unclear in many aspects because the evolution of various intermetallic compounds as the second-phase particles and the complicated recrystallization sequence can simultaneously occur. 7) The growth of new grains is generally determined by the grain boundary mobility and the net pressure on the boundary. 20) Figures 6 and 7 show the softening of the deformed specimen during heating to the semi-solid temperature, indicating that the stored strain energy was greatly released. Then, the grain boundary migration was obstructed by the ¢-Mg 2 Si precipitates during recrystallization before the semi-solid temperature. At the starting of the semi-solid temperature, the ¢-Mg 2 Si precipitates were dissolved into the liquid phase by the eutectic melting of Al and Mg 2 Si and hence no secondphase ¢ precipitates remained to obstruct the grain boundary migration. The grain coarsening of the ¡-Al grains in the semi-solid state proceeds to reduce interfacial energy. The surface tension and wettability between the ¡-Al and liquid phases in the different alloy compositions also affect the grain coarsening. 21) In this study, the ¢-Mg 2 Si precipitates strongly affected to refine the recrystallized grains before the semisolid state. If the coarsening of ¡-Al grains proceeds at the same rate at the semi-solid temperature, the smaller recrystallized ¡-Al grains in the annealed Fe-free alloy became therefore smaller grains compared with larger recrystallized grains of the non-annealed Fe-free alloy. Therefore, the refinement of recrystallized ¡-Al grains prior to the semisolid temperature by the control of the ¢-Mg 2 Si precipitates is found to be effective to produce fine ¡-Al grains in the semi-solid state. The average ¡-Al grain size and shape factor of the nonannealed Fe-added alloy and annealed Fe-added alloy with 40% cold-rolling are summarized in Fig. 12 . After semi-solid heating at 907 K for 600 s, the average grain sizes of ¡-Al are 85, and 79 µm in the N-40%CR and A-40%CR Feadded alloys, respectively. The fragmented Fe-compounds can affect the recrystallization similarly to the ¢-Mg 2 Si precipitates. Moreover, during heating to the semi-solid temperature, the fragmented Fe-containing compounds such as ¢-Al 5 FeSi were found to be stable as the solid particles in the Fe-added alloy. 6) In contrary, the ¢-Mg 2 Si precipitates became liquid phase at the beginning of the eutectic melting in both the Fe-free and Fe-added alloys. Therefore, the fragmented Fe-compounds are extremely useful to produce fine recrystallized ¡-Al grains and suppressed grain coarsening during heating to the semi-solid temperature in the N-40%CR Fe-added alloy. However, the ¢-Al 5 FeSi compounds were gradually melted into the liquid phase at 907 K with long isothermal holding. The crystallization of the Feintermetallic compounds from the semi-solid temperature strongly depends on the cooling rate.
6) Fine Fe-intermetallic compounds were found at high cooling rate by water quenching, while coarse plate-like Fe-intermetallic compounds were found at low cooling rate. The morphologies of the recrystallized Fe-intermetallic compounds strongly affect the final mechanical properties.
With an annealing process, the fragmented Fe-containing compounds and co-existing rod-like ¢-Mg 2 Si precipitates additionally decreased the average grain size of ¡-Al in the annealed Fe-added alloy. The refinement of the ¡-Al grains was dominated by the fragmented Fe-intermetallic compounds in the A-40%CR Fe-added alloy. The shape factors of the ¡-Al grains were almost constant with increasing isothermal holding time in both non-annealed Fe-added and annealed Fe-added alloys as shown in Fig. 12(b) . This indicates that the ¡-Al grains became well spheroidized at the early stage of semi-solid heating by the Fe addition. Thus, the combination of the fragmented Fe-intermetallic compounds and the ¢-Mg 2 Si precipitates as second-phase particles are useful to refine further the ¡-Al grains in the semi-solid state. In summary, the semi-solid microstructures of the AlMg Si based alloys produced by the D-SSF process in this study are greatly affected by the control of recrystallized grains in the solid state by the ¢-Mg 2 Si precipitates and fragmented Fe-intermetallic compounds and the control of grain coarsening in the semi-solid state by the fragmented Feintermetallic compounds.
Conclusions
The effects of rod-like ¢-Mg 2 Si precipitates on the refinement of the semi-solid microstructures of wrought AlMgSi based alloys produced by D-SSF process are summarized as follows.
(1) The annealing process at 723 K for 2 h could produce the equilibrium ¢-Mg 2 Si phase as a rod-like precipitate. The recrystallization was accelerated during heating to the semi-solid state, because the rod-like precipitates can be the particle stimulated nucleation (PSN) for recrystallization. The rod-like ¢-Mg 2 Si precipitates were the stable phase during heating until the melting of the eutectic phases, which can act as obstacles for the grain boundary migration during recrystallization.
(2) The control of the rod-like ¢-Mg 2 Si precipitates associated with the deformation process can effectively refine the ¡-Al grains. The average ¡-Al grain size of 104 µm was achieved by annealing and 60% cold-rolling in the annealed Fe-free alloy, which is almost the requirement in the semi-solid forming process.
(3) The fragmented Fe-intermetallic compounds are very effective to refine the semi-solid microstructures. The additional control of the ¢-Mg 2 Si precipitates in the Fe-added alloy can further refine the ¡-Al grains.
